Neural assemblies in a number of animal species display selforganized, synchronized oscillations in response to sensory stimuli in a variety of brain areas. [1] [2] [3] [4] [5] . In the olfactory system of insects, odour-evoked oscillatory synchronization of antennal lobe projection neurons (PNs) is superimposed on slower and stimulus-specific temporal activity patterns. Hence, each odour activates a specific and dynamic projection neuron assembly whose evolution during a stimulus is locked to the oscillation clock 6, 7 . Here we examine, using locusts, the changes in population dynamics of projection-neuron assemblies over repeated odour stimulations, as would occur when an animal first encounters and then repeatedly samples an odour for identification or localization. We find that the responses of these assemblies rapidly decrease in intensity, while they show a marked increase in spike time precision and inter-neuronal oscillatory coherence. Once established, this enhanced precision in the representation endures for several minutes. This change is stimulus-specific, and depends on events within the antennal lobe circuits, independent of olfactory receptor adaptation: it may thus constitute a form of sensory memory. Our results suggest that this progressive change in olfactory network dynamics serves to converge, over repeated odour samplings, on a more precise and readily classifiable odour representation, using relational information contained across neural assemblies.
Natural olfactory behaviour is generally characterized by repeated odour samplings. This feature is imposed by olfactory physiologybreathing-coupled sniffing in vertebrates 8, 9 or olfactory appendage flicking in arthropods 10 -as well as by the complex physical nature of odour plumes, which contain intermixed odorized and nonodorized filaments 11 . We thus considered the possibility that successive odour samples might be accompanied by enduring changes in their representation by the central nervous system, other than ones simply explained by receptor adaptation. In particular, we examined the possibility that the dynamical or temporal features of odour representation which we characterized previously 6, 7 might themselves evolve as the animal becomes more familiar with an Figure 1 Response intensity decreases, while coherence and spike time precision increase, over repeated odour presentations. a, Simultaneous local field potential (LFP) and intracellular recordings from a local neuron (LN) and projection neuron (PN). Early (1-2) and late (9) (10) odour. Such an evolution would constitute a form of unsupervised or non-associative plasticity.
We delivered a series of identical 1-second-long odour puffs at 0.1 Hz to one antenna of a locust, while recording simultaneously intracellular potentials from local and projection neurons (LNs and PNs) in the ipsilateral antennal lobe, and extracellular local field potentials (LFPs) from the ipsilateral mushroom body (Fig. 1a) . The stimulus sequence was delivered to an initially naive animal, that is, one that had no prior experience with this odour. The first of the stimuli typically elicited very strong LN and PN responses (from only those LNs and PNs tuned to the odour presented), with peak PN instantaneous firing rates greater than 20-30 Hz but with no detectable periodic subthreshold or spiking activity at this frequency in either LNs or PNs (Fig. 1a, f, g ). Similarly, the LPF waveform contained very little power at ϳ20 Hz (Fig. 1a, b) , a feature normally characteristic of odour-evoked LFPs in animals already familiar with the odour tested 12, 13 . Over the course of the succeeding stimuli, however, two concurrent phenomena developed. First, the response intensity of PNs (total number of spikes) decreased markedly between trials 1 and 2 and a little more over the following trials (Fig. 1a, d) . Second, 20 Ϯ 5 Hz periodic activity appeared at trials 2 or 3 and progressively developed, as seen clearly in LNs and LFPs (Fig. 1a) , but also in PNs (Fig. 1a, f) . The power of the extracellular LFP oscillatory activity around 20 Hz increased greatly between trials 1 and 8, reaching a maximum that was unaffected by further odour stimulation (Fig. 1b) . The coherence (real value at the peak oscillation frequency) calculated both between LN membrane potential and LFP waveform and between PN spike time and LFP waveform increased 4-5 times over these trials (Fig. 1c, e) . Because PN spiking activity-which causes the LFP recorded in their target area 13 decreased while oscillatory power increased, we conclude that PN spikes became more precisely timed with respect to one another as the odour became more familiar. This can be seen directly by inspection of superimposed PN/LFP traces taken from sets of early and late trials (Fig. 1f) , and of paired PN recordings over the first 10 odour trials (Fig. 1g) . Note the precise relative patterning of the spikes evoked in these PNs in trials 9 and 10 ( Fig. 1g) , as previously shown to contain odour-specific information 7 . Such increased precision in patterning was always accompanied by an enhancement of the LN-evoked inhibitory postsynaptic potentials 14 (IPSPs) in PNs (Fig. 1a, g ).
This response evolution was independent of the interstimulus interval (range: 2.5-20 s, Fig. 2a ) and of the duration of odour pulses (range: 0.25-2 s, Fig. 2b ). Series of odour pulses of random durations and interstimulus intervals, mimicking natural odour stimulation by airborne plumes 11 , also caused the same evolution (Fig. 2c) . The development of synchronization within these circuits could occur during the first trial also if odour delivery was maintained for several seconds during that trial (Ͼ2 s, n ¼ 6). However, intermittent stimuli were generally more effective ( Fig. 2d ; a statistical analysis is available; see Supplementary Information), possibly because prolonged stimuli induced receptor adaptation. Repeated or prolonged experience with an odour thus progressively led to a less intense (that is, containing fewer spikes) but more precise central representation in the antennal lobe, caused in part at least by the growing strength or efficacy of periodic inhibition by LNs.
Once established by repeated stimulation with one odour, this state change persisted for several minutes in the absence of intervening stimulation with that same odour. The influence of the duration of a pause in odour stimulation after trial 10 on oscillatory synchronization at later trials is plotted in Fig. 3a . An interval of 12 min, for example, appeared sufficient to reset the system to a naive state. This memory is therefore a short-term form. If, following a long pause (Ͼ15 min), stimulation with the same odour was resumed, the response pattern expressed by an individual PN or LN during the second series of trials followed an evolution similar to that seen during the first series.
This experience-related state change was odour-specific, showing no carry-over across responses caused by chemically distinct odours (for example, aliphatic alcohols to terpenes ('diff ') or apple to cherry blends ('new'), Fig. 3b ). Interpolating a novel odour within a sequence of stimulus with a familiar odour did not affect the response to the familiar odour (not shown). Exposure to an odour, however, increased the probability of oscillatory synchronization upon the first presentation of a chemically related odour. Such carry-over occurred best across related aliphatic alcohols (for example, hexanol to octanol, or vice versa; labelled 'sim') and to a lesser extent, from odours to binary blends containing them (odour A to blend AB; labelled A → AB) (Fig. 3b) .
These results suggest that the observed state changes upon repeated presentation of an odour are not global, but restricted to those neurons and/or synapses activated by that odour; they do not, however, indicate whether these changes are peripheral, central or both. A simple explanation could be that receptor adaptation over (Fig. 1) . Results from each experiment were standardized by the mean of trials 8-10. 1-way ANOVA: for each condition there was a significant effect of trials (P Ͻ 0:05). c, Irregular patterns of odour pulse duration and interstimulus interval also caused the same evolution (n ¼ 6, typical example shown, LFP bandpass-filtered ; the nature of the experiment-confounded duration and interval variables-precluded quantifying these results as in a and b). d, In this example, a single 3-s odour puff did not elicit strong oscillations (top LFP). Two shorter pulses, spaced so as to occur within the same 3-s period, did evoke strong oscillations upon the second stimulation (bottom LFP). Top and bottom recordings are 15 min apart. LFPs were bandpass-filtered (5-55 Hz).
successive trials causes the intensity of the peripheral (antennal) output to decrease, and progressively enter a range of intensities appropriate for evoking oscillatory dynamics in the antennal lobe 15 . Because olfactory receptor neurons are distributed over the length of the antenna 16, 17 , we could test this hypothesis directly. We 'trained' animals with an odour repeatedly presented to the receptors on one part of the antenna, and subsequently tested whether the same odour, this time presented to the non-adapted receptors on the other part of the antenna, would immediately cause oscillatory synchronization of antennal lobe neurons. Stimulation of nonadapted receptors always gave rise to a strongly synchronized response in a 'trained' antennal lobe (Fig. 4) . Thus, the state changes caused by experience with an odour depend, at least in part, on central and stimulus-specific changes within the antennal lobe. In addition, these results indicate that activation of non-adapted receptors does not preclude the activation of oscillatory dynamics within antennal lobe networks, provided these networks are not naive.
How might evolving network dynamics contribute to odour identification? Odour-specific relational information, previously shown to be contained in spike sequences read within and between PNs 7
, cannot be obtained from the first trial of a series if the trial is too short, and becomes increasingly reliable as the number of successive experiences with that odour increases. This suggests that responses to later trials should permit more reliable odour identification. However, because the odour-specific firing patterns in PN responses seem to be most distinct when the response intensity is greatest (Fig. 5a) , the responses of a PN to two odours would appear to be most reliably discriminated from one another at trial We addressed this question by measuring an observer's chances of correct odour identification given the spike trains evoked in several PNs by two odours (A and B) over 10 successive trials with each (Fig.  5a) . We ignored here all relational information, and relied exclusively on odour-specific information contained in individual PN spike trains, assessed by an intensity-and pattern-sensitive multidimensional clustering algorithm 18 . This algorithm maps each spike train onto a point in a multidimensional space (see Methods). The relatedness of spike trains can thus be quantified by the distance separating the points which represent them. To determine how the evolution in PN response intensity and patterning might contribute to improvements or decrements in odour categorization, we used two strategies. In the first, we used trial 1 responses (a 1 and b 1 ) to odours A and B as the templates to which all successive responses (a 2…10 , b 2…10 ) were compared (distance measures a and ∆ respectively, Fig. 5b) . Response a 4 of one PN to odour A at trial 4, for example, was then compared to a 1 (distance a) and b 1 (distance ∆), and classified as A if ∆ Ͼ a (Fig. 5b, c) . Over all PNs and trials, 22% of PN responses misclassified the odours (Fig. 5d) , and error rates, by definition nil at trial 1, increased with time. Hence, trial 1 templates are only reliable if sampling is not repeated. In the second strategy, we used the stabilized response patterns (centroid of a [8] [9] [10] or b [8] [9] [10] ) as templates (Fig. 5e) . In this case, only 4% of PN responses misclassified the odours over all trials (Fig. 5f, g ). In addition, the error rate decreased from a maximum of 18% at trial 1 to 0% by trial 5. Thus, although instantaneous firing rates are highest at trial 1 (naive state), odour categorization improves as response intensity decreases. Moreover, the repeated-sampling strategy ensures convergence to the correct classification. So when multiple odour samples occur, the use of less intense but stationary PN response patterns enables better odour classification.
In summary, we found that sequential exposure to an odour in the absence of reinforcer leads to rapid and significant short-term changes in the central representation of that odour by antennal lobe neurons. These changes include a decrease in PN activity, a development of oscillatory synchronization of PNs and LNs, and an increase in the inter-PN oscillatory coherence and spike time precision. These changes are odour-specific, with some transfer across the responses caused by chemically related stimuli, implying that similar odours activate separate, but overlapping, LN/PN assemblies and that this form of plasticity involves central, circuit-specific modifications. The effects last for several minutes and involve an apparent enhancement of periodic inhibition by LNs, leading to a specific temporal refinement of the population representation.
Our results have two main functional and practical implications. First, they suggest that accurate encoding of odour identity in the first olfactor relay should rely increasingly on distributed and relational features of population activity as an odour becomes familiar. Previous work showed that information about odour identity lies in the precise relationships of spike sequences in and across co-activated PNs 6, 7, 18, 19 . We show here that such relational information can be obtained only when PN activity is lowest, periodic and precise, that is, after repeated or prolonged exposures to the odour. Further, ignoring such relational information, we also showed that PN responses to two odours are most reliably classified for responses obtained after repeated samples of each odour, that is, when PN activity and instantaneous firing rates are lowest-and when stable responses are used as templates. Both lines of evidence indicate that repeated odour sampling should improve performance in categorization. While human psychophysical studies show that the first experience with an odour is reliably perceived as the most intense 20 , we are unaware of evidence that accuracy decreases or increases with trial number. Behavioural data from both vertebrates and invertebrates show that stimulation with an odour usually triggers rapid and repeated sampling of that odour. The initial, intense response to odours may underlie detection and rapid but coarse identification; later responses may provide a more detailed characterization. Thus, we propose that repeated sampling serves to converge on a precise stimulus identification by exploiting the short-term plasticity of circuit dynamical behaviour. Such plasticity may provide the dynamical substrate for a sensory memory, permitting the early and rapid self-organization of neural responses to sensory input.
Second, our results illustrate how the dynamics of a sensory circuit can depend critically on its recent history. This is important for the interpretation of electrophysiological experiments. Sensory physiologists, in the course of an experiment, routinely look for one or several neurons and then search for an appropriate stimulus, or repeatedly provide a stimulus while searching for appropriate neurons. These seemingly innocuous searches can, as shown here, alter the responses not only of the neuron(s) tested, but also of others whose activity is not monitored, and can thereby alter population dynamics. Methods that require signal averaging over successive trials for enhancement of the signal-to-noise ratio, or that use large sets of shuffled and non-repeated stimuli, would respectively either fail to detect, or fail to cause, such an evolution. From the experimenter's perspective, repeated sampling is a tool that assumes stationarity. From the brain's perspective, repeated sampling may rather, under natural conditions, exploit the advantages of nonstationarity for improved performance, using increased response precision rather than increased response strength.
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Methods
Specimens
Results were obtained from 101 locusts (Schistocerca americana) from a crowded colony. Young adults of either sex were immobilized with one antenna intact; the brain was exposed, desheathed, and continually superfused with oxygenated locust saline, as previously described 12, 13 . In one experiment (n ¼ 7 locusts), a barrier formed of a thin plastic card with a central hole was threaded part way along the antenna and sealed there with Vaseline, allowing separate stimulation of proximal and distal olfactory receptor arrays.
Odour stimulation
Odorant puffs (0.3 l min ), carried by desiccated and filtered air, were delivered by individual pipettes (1-cm inner diameter) placed 2-3 cm in front of the antenna. A 10-cm diameter vacuum funnel placed 5 cm behind the antenna constantly drew background air over the antenna and rapidly vented odours. Each odour (2-3 l apple, strawberry (Gilberties), cherry (Bell Flavors and Fragrances), spearmint (Flavco), eugenol, geraniol, 1-pentanol, 1-hexanol, 1-octanol (Sigma), cineole, isoamyl acetate, citral (Aldrich)), applied to a small strip of filter paper, was carried by a separate pipette. Before delivering the first in a series of odour puffs to the antenna, the pipette's standing content was repeatedly discharged into a separate vacuum funnel to ensure consistent odour concentrations at all trials.
Electrophysiology
LFPs were recorded using saline-filled blunt glass micropipettes (tip, ϳ10 m, 3-7 MQ), and amplified with a d.c. amplifier (NPI, Adams-List). Intracellular recordings from antennal lobe neurons (including 200 paired intracellular recordings in 51 animals) were made using sharp glass micropipettes (150-250 MQ, Sutter P87 horizontal puller) filled with 0.5 M potassium acetate and amplified with a separate d.c. amplifier (Axon Instruments). Data were stored on digital audio tape (DAT 8 channel, 5-kHz sampling/ channel, Micro Data) and analysed off-line using NBM116L hardware, LabVIEW (National Instruments) and MatLab (The MathWorks) software. Non-phase shifting, band-pass filtering (1-55 Hz or 5-55 Hz, 5-pole, Butterworth) of LFPs was accomplished by a software algorithm.
Data analysis
Statistical comparisons were made by 1-and 2-way analyses of variance and t-tests, with significance level set at P Ͻ 0:05. LFP power spectra were measured from unfiltered LFPs. Average power for odour responses (Figs 1b; 2a, b; 3a, b; 4) was obtained by integrating a 15-Hz band centred on each preparation's peak odour response frequency (see inset, Fig.  1b) . Coherence measures (amplitude only) were made using a multitaper method 21 implemented by MatLab. LN waveforms were directly compared to the corresponding 5-55-Hz bandpass-filtered LFPs. PN rasters were convolved with a 15-ms gaussian; the resulting continuous waveforms were compared to the corresponding 5-55-Hz bandpassfiltered LFPs. Peak coherence within a 15-Hz band centred on each preparation's peak odour response frequency was measured (Fig. 1c, d) . Similarities between odour-evoked PN spike trains were quantified by calculating the euclidean distance between spike trains analysed as previously described 18 . Briefly, each spike train was divided into n nonoverlapping bins, and spikes in each bin were counted. The vector constructed from this list of numbers defined a point in n-space. The euclidean distances a and ∆ between any two such points were then calculated (Fig. 5b, e) . Bin sizes between 10 and 200 ms were used; all gave similar results. Results in Fig. 5 are with 100-ms bins over 3 s (30 bins, hence n ¼ 30).
